Express Mail No.: EL622258711US 



Date of Deposit: March 1, 2002 



APPLICATION FOR UNITED STATES LETTERS PATENT 

FOR 

BINARY OPTICAL INTERCONNECTION 



Inventors: Victor Argueta-Diaz 
Betty Lise Anderson 
Stuart A. Collins, Jr. 

Assignee: The Ohio State University Research Foundation 

Attorney: Roger A. Gilcrest 

Standley & Gilcrest, LLP 
495 Metro Place S, Suite 210 
Dublin, Ohio 43017-5315 
Telephone: (614) 792-5555 
Facsimile: (614) 792-5536 



BINARY OPTICAL INTERCONNECT 

Inventors: Victor Argueta-Diaz 
Betty Lise Anderson 
Stuart A. Collins, Jr. 

TECHNICAL FIELD OF THE INVENTION 
[0001] The present invention is in the field of optical interconnection devices, 
such as those that may be useful in routing information for communications 
systems. 

BACKGROUND OF THE INVENTION 
[0002] This invention relates to apparatus supporting optical interconnection, 
such as those that may be useful in the routing of signals in the communications 
industry. In communications systems such as telecommunications systems, 
optical signals currently must be down-converted to an electrical signal before 
being switched. The bandwidth of these electrical signals is much lower than that 
of optical signals. This conversion is a barrier to a fast Internet system capable of 
delivering applications requiring significant bandwidth, such as streaming on- 
demand video and music. It is therefore desirable to use a system that keeps 
signals in their optical form without having to convert to a slower, less-efficient 
electrical system. 

[0003] One area to be addressed is the electronic switches in fiber-optic 
backbones. Backbones are expensive communications links between major 
cities. Optical fibers often carry information to central hubs in these major cities, 
then creating a bottleneck at each hub while all this information waits to be 
converted into electrons and switched by bulky electronic switches. Because 
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each fiber carries multiple signals on different wavelengths, the signals must be 
optically separated before each one can be down-converted and electronically 
switched. 

[0004] Because of this, the industry has turned its attention toward photonic 
switches. Photonic switches do not require signal down-conversions, and are 
capable of optically directing even complex light streams. Several variations of 
these photonic switches have been reported. Agilent reportedly uses bubbles to 
deflect light between crisscrossing glass columns in order to direct light from one 
switch to the next or back and forth among the switches to get to the various 
outputs. Corning is reportedly investigating liquid crystals to redirect the light 
streams. Bell Labs is reportedly using tiny micro-mirrors to direct beams to the 
appropriate fibers. While these systems are much smaller that the previous 
switching systems, and may effectively achieve the desired optical switching, they 
can be very complex. For example, in the Bell Labs device where an array of 
micromirrors is used to direct beams to the appropriate fiber, each mirror must be 
accurately calibrated to send a beam to any of the appropriate fibers. The 
calibration must also take into account any minute variation in position from fiber 
to fiber, an array of fibers not being aligned in perfect rows and columns. 
[0005] In earlier optical interconnection devices, such as those described in 
U.S. Patent 6,266,176, the number of possible outputs to which a given input 
could be switched was related to the number of bounces, m, a beam made in a 
White cell raised to some power (m\ m 2 , etc.). In the present invention, we 
present a binary switch, in which the number of outputs is proportional to 2 m , 
which will in general be a much larger number. We also describe a family of 
higher order interconnection devices, in which the number of outputs is 



proportional to 3 m , 4 m , etc. Thus, for a given number of bounces, each input can 
be switched to a larger number of outputs than earlier designs. 
[0006] It is therefore an object of the current invention to create a photonic 
switching system that is compact in design, relatively simple to setup and operate, 
and can effectively route multiple complex light streams. 

[0007] Although described with respect to the field of communications, it will be 
appreciated that similar advantages of optical routing, as well as other 
advantages, may be obtained in other applications of the present invention. Such 
advantages may become apparent to one of ordinary skill in the art in light of the 
present disclosure or through practice of the invention. 

SUMMARY OF THE INVENTION 
[0008] The present invention presents a dual-White cell approach for creating 
the multiple bounces, but it will be recognized that other methods of producing 
multiple bounces exist (as described in U.S. Patent 6,266,176 and in pending 
application 09/688,478, each incorporated herein by reference). Also presented 
are designs based on a liquid-crystal spatial light modulator, but it will be shown 
that other spatial light modulators, including micro-electro-mechanical machine 
(MEM) devices such as a digital micro-mirror device, can be used instead. 
Adapting the dual-White cell to MEM's has been discussed in U.S. Patent 
6,266,176 as well. 

[0009] An optical interconnection device of the present invention includes at 
least one input light source for generating at least one individual light beam. Each 
individual light beam emerges from its respective input light source and enters a 
first optical configuration. The first optical configuration is adapted to receive each 



individual light beam and to direct each individual light beam to a spatial light 
modulator. The first optical configuration comprises a plurality of optical elements 
configured so as to define a plurality of possible light paths for each individual light 
beam. After being directed to the spatial light modulator, an individual light beam 
may be directed to a second optical configuration. The second optical 
configuration is adapted to receive the individual light beams reflected from the 
spatial light modulator. The second optical configuration comprises at least one 
spot displacement device. 

[0010] In a preferred device of the present invention, each light beam is 
introduced by an input light source. Each light beam is received by the first optical 
configuration before being directed to a spatial light modulator. The spatial light 
modulator may reflect each light beam either back to the first optical configuration 
or to a second optical configuration. A light beam reflected to the second optical 
configuration may encounter a spot displacement device. Eventually each light 
beam is directed to a receiving device adapted to receive light beams exiting the 
optical interconnection device. The optical interconnection device is therefore 
capable of providing a multitude of outputs for a given input. 
[0011] In a second embodiment of the present invention, the first optical 
configuration may additionally comprise at least one spot displacement device. 
[0012] Irrespective of embodiment, it is preferred that the first optical 
configuration comprises a first plurality of optical elements comprising mirrors, 
lenses, gratings, and prisms. It is further preferred that the second optical 
configuration comprises a second plurality of optical elements comprising mirrors, 
lenses, gratings, and prisms. 



[0013] It is also preferred that each spot displacement device comprise at least 
one column, each spot displacement device being capable of shifting a given light 
beam by at least one row on the spot displacement device thereby causing the 
returning light beam to be shifted on the spatial light modulator. It is most 
preferred that each additional column of the spot displacement device displace the 
light beam by twice (or more) the displacement of the previous column. For 
example, the first column would displace a light beam by one, the second column 
would displace a light beam by two, the third column would displace a light beam 
by four, etc. 

[0014] It is also preferred that each spatial light modulator be selected from the 
group consisting of liquid crystal spatial light modulators, two-state micro-electro- 
mechanical devices, and three-or-more-state micro-electro-mechanical devices. 
[001 S] In yet another preferred embodiment of the present invention, at least 
one input light source introduces at least one individual light beam into a first 
optical configuration. The first optical configuration comprises a plurality of optical 
elements configured so as to define a plurality of possible light paths and at least 
one spot displacement device. A given light beam may pass to the spatial light 
modulator before entering a second optical configuration. The second optical 
configuration comprises a plurality of optical elements configured so as to define a 
plurality of possible light paths. The spatial light modulator comprises at least one 
column, and each column comprises at least two rows. The spatial light 
modulator is adapted to select a light path from among the possible light paths for 
a given light beam and to direct the light beam to the selected path. The spot 
displacement device is capable of shifting a given light beam on said spatial light 
modulator by at least one row. A plurality of output positions are available to 



receive a given light beam, thereby removing the light beam from the optical 
interconnection device. 

[0016] In a preferred embodiment of the present invention, the time it takes a 
given light beam to traverse the optical interconnection device is the same as all 
other light beams. Further, in preferred optical interconnection device, a given 
light beam may be directed to a given output position by either the first optical 
configuration, the second optical configuration, or by the spatial light modulator. A 
preferred device may additionally comprise at least one spot displacement device 
in the second optical configuration. Additionally, it is preferred that the first 
plurality of optical elements comprise optical elements selected from the group 
consisting of mirrors, lenses, gratings, and prisms. It is further preferred that the 
second plurality of optical elements comprise optical elements selected from the 
group consisting of mirrors, lenses, gratings, and prisms. 

[0017] In a preferred optical interconnection device of the present invention the 
spot displacement device comprises at least one column, each spot displacement 
device being capable of shifting a given light beam by at least one row on said 
spot displacement device and thus on the spatial light modulator. It is most 
preferred that each additional column on the spot displacement device is capable 
of displacing the light beam by twice (or more) the displacement of the previous 
column. 

[0018] It is also preferred that each spatial light modulator be selected from the 
group consisting of liquid crystal spatial light modulators, two-state micro-electro- 
mechanical devices, and three-state micro-electro-mechanical devices. 
[0019] The present invention also provides a spot displacement device 
comprising at least one column. The spot displacement device shifts a light beam 
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by at least one row on the spot displacement device. Each additional column of 
the spot displacement device is capable of displacing a light beam by twice (or 
more) the displacement of the previous column. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0020] Novel features and advantages of the present invention, in addition to 
those mentioned above, will become apparent to those skilled in the art from a 
reading of the following detailed description in conjunction with the accompanying 
drawings wherein similar reference characters refer to similar parts and in which: 
[0021] Figure 1 shows a double arm White cell of the present invention. 
[0022] Figure 2 illustrates the spot pattern formed on the SLM, Auxiliary Mirror 
I and Auxiliary Mirror 2 for several inputs in the double arm White cell of Figure 1. 
[0023] Figure 3 shows the spot pattern for single input on the SLM and 
Auxiliary Mirror II. 

[0024] Figure 4 shows substitution of X element by a prism. 

[0025] Figure 5 shows substitution of X element by a parallelogram prism. 

[0026] Figure 6 shows substitution of X element by a lens and spherical mirror 

combination. 

[0027] Figure 7 shows substitution of X element by a lens and tilted mirror 
combination. 

[0028] Figure 8 shows a spot displacement device consisting of a lens and an 
array of tilted spherical mirrors. 

[0029] Figure 9 illustrates the position of the SDDs in a double White cell. 
[0030] Figure 10 shows how to alternate the SDDs with non-shifting mirrors, 
using glass blocks to equalize transit time. 



[0031] Figure 1 1 shows a two-position MEM allowing for two output angles (#) 
for a given input angle {(f). 

[0032] Figure 12 shows a dual White cell using a two-position MEM, a spot 
displacement device and 4 spherical mirrors. 

[0033] Figure 13 illustrates the spot pattern for three different inputs in the dual 
White cell of Figure 12. 

[0034] Figure 14 shows the addition of a second SDD to the dual White cell 
illustrated in Figure 12 

[0035] Figure 15 shows a three-position MEM with three associated White cell 
arms. 

[0036] Figure 16 is a transition diagram for the device of Figure 15. 

[0037] Figure 17 shows a three-position MEM, with three arms and four shift 

devices added. 

[0038] Figure 18 provides a comparison of the connectivity of cells based on 
two-state MEMs and three-state MEMs. 

[0039] Figure 19 shows an interconnection device using a three-state MEM but 
only two SDDs. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S) 
[0040] In accordance with the foregoing summary, the following presents a 
detailed description of the preferred embodiment of the invention that is currently 
considered to be the best mode. 

[0041] Two white cells united by a spatial light modulator and a polarizing 

beam splitter are shown in Figure 1. One White cell consists of the spatial light 

modulator (SLM), lens 1, Mirrors B and C, and Auxiliary Mirror I. The other 
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consists of the SLM, lens 2, Mirror E and F, and Auxiliary Mirror II. Auxiliary Mirror 
II will later be replaced with a mechanism for shifting the spot patterns to new 
outputs. For the purposes of illustrating the operation of the dual cell, however, we 
will take it to be a simple mirror in this section. The distances indicated in the 
figure will be referred to later. 

[0042] As in previous cases a given light beam enters the White Cell via a spot 
on a turning mirror (not shown), and goes to Mirror B. From Mirror B the light is 
focused to a new spot on the spatial light modulator (SLM). If the SLM doesn't 
change the light's polarization the light will pass through the polarizing 
beamsplitter (PBS), go to Mirror C, be imaged as a new spot on Auxiliary Mirror I 
by Mirror C, and from there back go to the SLM (via mirror B and the PBS). 
Jjjj [0043] If instead the light's polarization in changed by the SLM, the light will be 
directed to Mirror E by the polarizing beam splitter. Mirror E will create a spot on 
Auxiliary Mirror II, and from there the light will go back to the SLM (going through 
mirror F). Lens I images mirror B onto C and Lens 2 images mirror E onto F. We 
know from previous work that the even bounces lie on the auxiliary mirror (I or II), 
and that the odd bounces will lie on the SLM. 

[0044] Figure 2 shows how the spot pattern is formed on the SLM, on Auxiliary 
Mirror I and Auxiliary Mirror II for several inputs. The odd-numbered spots form on 
the SLM. The even-numbered spots form on either Auxiliary Mirror I or II 
depending on the state of the pixel at the previous odd-numbered spot. We can 
see in Figure 2 that the light spots will lie in columns on Auxiliary Mirror II. We will 
take advantage from this characteristic to develop our Binary Interconnection 
Device. 



•• .. i: 
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[0045] Each beam will trace out an identical and unique spot pattern on the 
SLM regardless of which path is chosen. This happens because the centers of 
curvature of Mirror B is co-located with that of Mirror E, and the center of 
curvature of Mirror C is superimposed on that of Mirror C. This is different than the 
approach used in our previous designs. There, the spots were made to shift by 
aligning these centers of curvature differently. Here, the spots will be made to shift 
by the introduction of a spot displacement device, described later. 
[0046] Additionally, if the distance from Lens 1 to Mirror B or C is the same as 
the distance from Lens 2 to Mirror E or F then we will see no difference in the time 
it takes a beam to transverse the cell, regardless of the path it takes. 
[0047] As mentioned earlier, we will replace Auxiliary Mirror II with a device 
that will shift a spot over by some number of pixels. The mechanism for producing 
the shifts will be discussed in the next section, but here we will say that number of 
pixels by which a spot is shifted will be different for different columns in what used 
to be Auxiliary Mirror II. Each column will shift a beam by a distance equal to 
twice that of the previous column, producing a binary counting system. 
[0048] The spot pattern for a single input beam on Auxiliary Mirror II and on the 
SLM is shown in Figure 3. The odd-numbered spots form on the SLM on the 
bottom, and on Auxiliary Mirror II on the top (assuming the beam is switched to 
Auxiliary Mirror II on every bounce). As we can see also, the spots lie in columns, 
and the number of columns will depend on the number of bounces (m) that the 
light makes. For example, if we need eight columns (which will correspond to 128 
different outputs), the light must perform sixteen bounces so we can have eight 
columns on the SLM and eight bounces that can go to Auxiliary Mirror II. A beam 
going to Auxiliary Mirror II (or more accurately its replacement) on the second 
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bounce (column 2) will be shifted by one increment, that is, the returning beam will 
emerge from column 2 one row down (not shown). A beam landing on Auxiliary 
Mirror II on the fourth bounce will be shifted by two rows, on the sixth bounce four 
rows, and so on. On any given bounce, if a beam is not to be shifted at all it is 
sent to Auxiliary Mirror I, which does nothing except keep the bounces going. 
[0049] The number of columns on Auxiliary Mirror II, will thus determine the 
number of possible outputs. Every two bounces allows for one bit, so sixteen 
bounces will produce 128 different outputs for a single input. The method for 
creating this number of outputs is the subject of this document. 

SPOT DISPLACEMENT DEVICE CONSIDERATIONS 
[0050] In this section we will discuss how the shifts are produced. The first step 
in creating the Binary Interconnection Device (BID) is to substitute a Spot 
Displacement Device (SDD) for Auxiliary Mirror II. Recall that the objective is to 
treat each column on the equivalent plane of Auxiliary Mirror II as an independent 
entity. A spot landing on the first column experiences a displacement of one 
increment or pixel. This shifts the spot onto a new row of pixels on the SLM as in 
previous designs. A spot directed to the second column will be shifted by a 
displacement of two rows, the third column by four rows and so on. 
[0051] Each column on Auxiliary Mirror II will have a corresponding column on 
Auxiliary Mirror I. Thus, if we don't need any displacement on that bounce, the 
light is sent to Auxiliary Mirror I (this will represent a f 0' in a binary counter). If a 
particular displacement is needed, we can direct the light to a specific column on 
the SDD (a T in a binary counter). Therefore we can add 0s and 1s for an n-bit 
SDD. 
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[0052] We therefore have the following design criteria: (1) each column of the 
SDD has to produce double the displacement of the previous column (1 for the 
first one); (2) the time it takes a beam to propagate through one White Cell and 
the SDD should be the same as the transit time through the other White Cell via 
Auxilliary Mirror I; and (3) the White Cell imaging conditions have to be satisfied 
by each column for the SLM and SDD by the auxiliary mirror: (a) SLM images 
onto Auxiliary Mirror I via Mirror B or Mirror C; (b) SLM images onto the entrance 
plane of the SDD via Mirror E or Mirror F; (c) Mirror B images onto Mirror C; (d) 
Mirror E images onto Mirror F; and (e) Mirror B images onto Mirror E. This list will 
help us to design our SDD. In the foregoing sections we will analyze different 
SDD's that fulfill one or more of the conditions listed above. 



PARAXIAL RAY MATRIX APPROACH TO DESIGNATING THE SPOT 

DISPLACEMENT DEVICE 
[0053] We wish to find an optical element (or elements) that will produce the 
desired shifts in the spot patterns. We will use paraxial optics matrices to find what 
element(s) can perform the shift while still maintaining the imaging conditions. We 
are using 3x3 ray matrices to describe whether any element is tilted with respect 
to the optical axis. 

[0054] First we are going to define a general matrix X for the SDD: 



a b g 
c d h 
e f i 



(1) 



[0055] The value of elements a through / in Eq. (1) will define the optical 
element(s) needed to replace Auxiliary Mirror II and produce the desired shifts. 
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[0056] The White Cell consisting of the SLM, Mirror B, Auxiliary Mirror I, and 
Mirror C must satisfy the imaging conditions that the SLM image onto Auxiliary 
Mirror I via C (or B), and that C images onto B. These conditions will determine 
the focal length of Mirror B, Mirror C, Lens 1 and the distance between Lens 1 and 
Mirror B (and C). The calculations of these conditions are presented in Appendix 
A. 

[0057] Next we turn to the other White cell, which contains the SDD. We 
analyze three imaging conditions of the White Cell containing the SDD: a) Light 
images from E to F going through the X element (SDD); b) the SLM images onto 
the input plane of the SDD (the previous plane of Auxiliary Mirror II) via Mirror E; 
and c) the SLM images back onto itself via Mirror E, X and Mirror F. The purpose 
of these conditions is to find the effect that the elements a to / of the X matrix will 
have on the spot pattern of the light bouncing in the White Cell. 
[0058] For our first condition (light emerging from E to F going through X) we 
obtain the following matrix: 



(2) where d 3 is the distance between Lens 2 and Mirror E and Mirror F (as shown 
in Figure 1), d 4 is the distance from Lens 2 to the imaging plane of Auxiliary Mirror 
II, and a through / are the matrix elements of X. 

[0059] Now in order to have an imaging condition, element C 3 [l,2]= d]c has to 
be equal to zero. Because d3 cannot be zero, the c element of the X matrix has to 




a 



d 3 h 

h(d 4 - cQ+g 



e(d 3 -d A )-f 



ed 3 



be zero. After this consideration, Eq. (2) simplifies as follows: 

- d 0 d 3 h 

a(d 3 -d 4 ) + d(d 3 -d A )-b _ h{d A -d 3 ) + g 

dl " d 3 

d 3 
(3) 

[0060] When Element C 3 [l,2]= 0 (imaging), other elements of the matrix take 

on special meaning. Element C 3 [l,l] is the magnification. If the magnification is - 

1 , for example, an image is formed that is inverted and of the same size as the 
object. In this case, it means that the light from Mirror E is reproduced on Mirror 
F. Element C 3 [l,3] represents offset in the image location. When this element is 

zero (usually the case in optical systems), if the object (the light on Mirror E) is 
centered on the axis, then an image forms at Mirror F also centered on the axis. If 
this element is not zero, then the light on Mirror F is shifted from the optical axis 
by an amount equal to the value of the element C 3 [l,3]. If this offset is big 

enough, the light can miss Mirror F. Further, the shift will accumulate on every 
pass. Therefore, we would like to have no offset when light is imaging from Mirror 
E to Mirror F, requiring that C 3 [l,3]= d 3 h be zero. Because d 3 cannot be zero, h 
has to be zero. 

[0061] Now we are going to analyze the second condition, which is that the 
SLM images onto the plane of Auxiliary Mirror II via Mirror E. We obtain the 
following matrix: 



C 3 = 



14 



c 4 « 



• 1 - 



f e {d x + nd 4 - 2ndl )+ nd 



0 
0 



-1 
0 



(4) where f e is the focal length of Mirror E, d x is the thickness of the 
beam splitter, and n the refractive index of the beam splitter. 
[0062] To have an imaging condition we require that the element C 4 [l,2] be 
equal to zero. So we need to find a value for f e that can give us the required 



imaging condition. Solving for f e we obtain: 



ndl 



2nd 3 —d x - nd 4 



(5) 



[0063] Now for our third condition, we are going to image the SLM onto itself 
going through Mirror E, X and Mirror F. For this condition we obtain the following 
matrix: 



C 5 = 



a b 
0 d 
-e -f 



0 



(6) Where a, b, d, e,f } g, and i are the elements of matrix X. 
[0064] To have an imaging condition, element C 5 [l,2] has to be zero, which 

makes element b of the X matrix equal to zero. From Eq. (6) we can see that the 
third imaging condition depends only on the characteristics of the elements of X 
element(s). Our goal is to achieve shifts in the spot images on the SLM, and that 
position offset depends on the g element of X. This offset will give us the row shift 
that we explained in the second section of this paper. 
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[0065] In the following sections, we examine various physical implementations 
that produce the desired matrix for X. 



PHYSICAL IMPLEMENTATION 



Prism 



[0066] Now, we analyze different shapes trying to fulfill the conditions 
previously mentioned. The key goals are that the imaging conditions are all 
maintained, that the X element g produce the proper shift in the spots on the SLM 
, and that the element h be zero to avoid a shift on Mirror F. 
[0067] Our first geometry is that of a prism shown in Figure 4. This prism 
would be element X, and replace Auxiliary Mirror II. Here we have a right-angle 
prism of apex angle a and refractive index n . The distance d is the thickness of 
the prism, which varies with height. 

[0068] Let us assume a non-small angle approximation. The ray matrix for a 
round trip through the prism will be: 



[0069] As we can see, we have achieved the zero value in the h element. We 
also notice that the g element (element [1,3], the one that produces the spot 
displacement) is a function of the prism thickness, the apex angle and the 
material. 

[0070] Unfortunately the prism has a big disadvantage, which is inherent to its 
shape. The thickness of the prism changes depending on the place where the 
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light strikes the prism. If the light goes in near the base, it will have a bigger 
displacement than light that strikes the prism higher up. Also we can see that the 
element P[l ? 2] cannot be zero under any circumstances. This doesn't mean that 
we cannot have an image condition, but only that the position of the prism has to 
be different from that of Auxiliary Mirror II. This new position is defined by the 
following equation: 



new position 



1 x 0 
0 1 0 
0 0 1 



1 2d nJ 1 u 

1 — 2d\ — a |tan# 

n \n 
1 0 



0 

0 0 



1 



(8) 



[0071] The first matrix is the displacement matrix, where x is the distance from 
the Auxiliary Mirror II to the entrance to the prism. The second matrix is that of the 
prism. Equation (8) simplifies to: 



• new _ position 



1 — + x 2d 
n 

0 1 



0 



0 



i-i 

0 
1 



tana 



(9) 

[0072] From Equation (9) we now can calculate a distance x that will cause an 

imaging condition for our prism configuration. This distance is x = from the 

n 

Auxiliary Mirror II plane. 

[0073] It is still the case, however, that the prism thickness d is a function of 
the height of the beam on the prism. 



Parallelogram Prism 
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[0074] To eliminate the thickness variable d we had in the previous design, we 
propose a parallelogram prism element shown in Figure 5. 
[0075] We can see that we now have two tilted surfaces, and the thickness of 
the double-prism is the same for every spot. For light coming in and out of the 
parallelogram the ray matrix is: 



2d 



1 — 2d\--\ 
n \n j 

0 1 ntana 



1 



tana 



0 0 



1 



(10) 



[0076] As we can see we cannot cancel the angular offset of the double prism 
(element [2,3] is not zero) without eliminating the shift displacement (element 
[1,3]), unless the quantity ntma is small enough that the shift it produces on 
Mirror F is small enough that the beam stays on F even after multiples bounces. 
As in the case of the prism, the parallelogram has to be displaced from the plane 
of Auxiliary Mirror II in order to have an imaging condition. This displacement is 
calculated with as follows: 



• 2 _ new _ position 



1 x 0 
0 1 0 
0 0 1 



— 2</f--l|tana 
n 

1 



0 



n 

nXma 
1 



(11) 



[0077] As in Equation (8) the first matrix represents the displacement from the 
Auxiliary Mirror II plane, where x is the specific value that we are looking for. 
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Equation (11) simplifies as follows: 



2 _new _ position 



1 — + x 2d\ — -1 jtana 

« ^» ; 

0 1 ntana 



0 0 



1 



(12) 



[0078] According to element [1 ,2] of Equation (1 2), the new position of our 

parallelogram will be at x = , from the original imaging plane of Auxiliary 

n 

Mirror II. 



I 
HI 
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Mirror and Lenses 

[0079] The prism and parallelogram can work under limited conditions, but 
there is a better way. Now let us consider a combination of a lens and a tilted 
spherical mirror as shown in Figure 6. Here d sdd is the distance between the lens 

and the tilted spherical mirror, 6 is the tilt angle of the spherical mirror, f sdd is the 
focal length of the mirror, and f x is the focal length of the lens. 
[0080] Now lefs assume that the lens is in the plane of Auxiliary Mirror II. The 
light travels through lens f } , translates a distance d sdd , is reflected by a tilted 
spherical mirror of a focal length f sdd , and goes back the same way. The resulting 
matrix is: 



SDD = 



1 



0 


0 


"1 


dsdd 


0' 


1 


0 


0 


1 


0 


0 


1 


0 


0 


1 



1 



1 



fsdd 

0 



0 


0 


"1 


d sdd 


0 


1 


20 


0 


1 


0 


0 


1 


0 


0 


1 



1 

0 



0 0 

1 0 

0 1 



(13) 
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[0081] If we take /, = d scU the matrix simplifies as follows: 



SDD = 



o 
o 



sM \d sM +d sdd 2d sdd 6 

sdd J 



1 

0 



0 

1 



(14) 



[0082] For imaging, element SDD[1 ,2] must be zero, making: f sdd = 



% sdd 



Thus equation (14) simplifies to: 



SDD = 



~i o 2d sdd e 

0-1 0 
0 0 1 



(15) 



[0083] From Equation (15) we can see that lens-tilted mirror configuration has 
element [1,2] equal to zero, which indicates an imaging condition, and that the h 
element ([2,3]) is zero, which will not perturb the light imaging from Mirror E to 
Mirror F. From Equation (6), we recall that the shift produced in the spot pattern 
on the SLM is given by the negative of the g element ([1,3]), or - 2d sdd 9 from 

Equation (15). For example, to shift a spot on the SLM by 1 cm with a d sdd of 2 

cm, we require that the mirror can be tilted - 14° . 

[0084] Instead of this combination of lens and a tilted spherical mirror we can 
substitute the tilted spherical mirror of Figure 6 with a flat tilted mirror and a lens of 
same focal length as the tilted spherical mirror as shown in Figure 7. 
[0085] The ray matrix for this system is the same as Equation (1 5). 
[0086] As was mentioned in the beginning of the addendum, each even- 
numbered column on Auxiliary Mirror II will have a different SDD. Each SDD 
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produces a different shift, so each has its spherical mirror tilted by a different 
angle G , or is located at a different distance d sdd from the lens, or a combination. 

To keep the transit times equal, however, it is desirable to fix d sdd and vary 6 . 
[0087] Figure 8 shows one possible implementation of the proposed SDD. The 
lens is in the plane of Auxiliary Mirror II. The spots form in columns on this plane. 
Spots in the column labeled "2" should be shifted by one pixel in the SDD, spots in 
the column labeled "4" (for fourth bounce) should be shifted by two pixels, etc. 
Corresponding to each column is a spherical strip mirror. The overall mirror 
shape is a strip but the surface is spherically concave. 

[0088] To make the transit time through the White Cell containing the SDD's 
the same as the transit time through the White Cell that contains Auxiliary Mirror I, 
the distances from the SLM to Auxiliary Mirror I and the plane of Auxiliary Mirror II 
can be made different from each other. 

[0089] One problem that we may face is that light from a spot in a particular 
column on the plane of Auxiliary Mirror II diverges inside the SDD and light may 
overlap with the spherical tilted mirror of an adjacent SDD. To reduce this risk, 
instead of putting all the SDDs in the plane of Auxiliary Mirror II. We may 
alternate SDDs between Auxiliary Mirror II and Auxiliary Mirror I. That is, alternate 
columns on each of the Auxiliary Mirrors are replaced with SDDs and the columns 
in between are simple flat mirrors, as shown in Figure 9. So, for example, for an 
eight-bit space Optical Interconnection Device, columns 2, 6, 10 and 14 of 
Auxiliary Mirror I will be replaced with appropriate SDDs to produce the 
displacements corresponding to 1, 4, 16, 64 respectively. Columns 4, 8, 12 and 
16 of Auxiliary Mirror I will have simple flat mirrors and will cause a displacement 
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of 0. Similarly, for Auxiliary Mirror II, columns 2, 6, 10 and 14 will cause no 
displacement, and columns 4, 8, 12 and 16 will have SDDs producing shifts of 2, 
8, 32 and 128 respectively 

[0090] For the design of Figure 9, the transit times are no longer equal. They 
can be equalized, however, by replacing the flat mirrors with glass blocks, as 
shown in Figure 10. The blocks are reflective on their backs. The higher 
refractive index of the blocks slows the light down, and also shifts the location of 
the image plane. Thus, the spots not being shifted are imaged to the mirror on the 
back of the blocks. The use of glass blocks to produce time delays is described in 
U.S. Patent application 09/688,478. 

SUMMARY OF BINARY CELL 
[0091] We have shown how to implement an optical interconnection device 
that is binary - the number of outputs to which a given input can be shifted is 

given by 2^ , where m is the number of bounces a beam makes in a dual White 
Cell. Half of the bounces land on a spatial light modulator and the other half are 
directed either to a spot displacement device or to a plain mirror. We assumed a 
liquid crystal spatial light modulator for the purposes of discussion, but the SLM 
could in fact be any spatial light modulator. In the next section we will show how 
to obtain even greater numbers of outputs, using SLMs that have more than two 
states. An example of an SLM in this class would be a micro-electro-mechanical 
micromirror device, in which the individual mirrors can tip to more than two stable 
positions. 
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HIGHER ORDER CELLS 
[0092] In this section we will show how to obtain larger numbers of outputs 
using the basic idea behind the binary cell. We call this class of interconnection 
devices "exponential" because the number of outputs is given by some number to 

the power of the number of bounces, e.g. N = 2 72 . 

[0093] Consider a micro-electro-mechanical machine (MEM) micromirror array 
whose mirrors can be rotated to two different angles. An example of such a 
device would be the Texas Instruments MEM, whose mirrors can be switched 
between ±1 0°. Let us take the angles of tilt to be ± a for the general case. Figure 
1 1 shows a cross-sectional view of three pixels on such a device. 
[0094] A light beam incident at some angle ^ with respect to the normal to the 
MEM plane would be reflected into two possible angles: 

0 = 2a-fi or 

e = -2a-</> (16) 
[0095] We can use these angles to set up a series of White Cells. For 
example, Figure 12 shows two White Cells sharing a common MEM. 
[0096] We note that light coming from Mirror A can be directed back toward 
Mirror B if the micro-mirror on the MEM is tilted at +10°. Thus, if every pixel is 
tilted at +10°, we could establish a White cell with both spherical mirrors (A and B) 
along the +10° path. This is shown in Figure 12. Here, the spherical mirrors are 
located such that one is above the plane formed by the MEM normal and the ±10° 
axes, and the other is below that plane. They could in principle be located side by 
side, but it will be difficult to physically fit the mirrors that are to be described next. 
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[0097] Similarly, a second pair of spherical mirrors is established along the - 
30° axis. We call the two new White cell mirrors E and F. Their centers of 
curvature, along with those of Mirrors A and B, can be placed anywhere on the 
MEM plane. Thus these two White cells can create spot patterns in either rows or 
columns as desired. One White Cell is formed by the MEM, Mirror A, Auxiliary 
Mirror I, and Mirror B. The other is formed by the MEM, Mirror C, the SDD, and 
Mirror B. The MEM selects whether a beam would, on a given bounce, go to the 
auxiliary mirror and accrue no spot pattern shift, or go to the spot displacement 
device (SDD). In this device, two bounces are required on the MEM for each 



[0098] In operation a beam could circulate in the White cell formed by Mirrors 
A and B and the MEM, as long as each pixel is tilted in the +10° direction. If a 
given pixel is tilted to -10°, then the beam goes to Arm E if it just came from Mirror 
A, and goes to Arm F if it just came from Mirror B. 

[0099] The beam must be input into the cell, however. Let the first MEM pixel 
be used to turn the input beam into the White cell containing Mirrors A and B (let's 
assume it goes to Mirror B). We bring the beams in along an angle of +50° with 
respect to the MEM plane. The first pixel for each beam is set to +10°. Every 
beam makes this bounce and goes to Arm E. The appropriate column of the SDD 
is set for zero displacement, such that the normal spot pattern is produced. The 
next pixel each beam will hit is set to -10°. Thus the beams all go to Mirror B. 
From that point on, the beam alternates between upper and lower mirrors, and 
can be switched on any bounce such that they go to E and F, or to A and B. We 



decision; so the maximum number of outputs N goes as N = 2 2 = 




(17) 
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now redefine m to be the number of bounces on the SLM, excluding the input and 
output bounces. Those bounces do not contribute to the number of outputs 
obtainable, although they will contribute to loss. 

[0100] Note that light can bounce back and forth between Mirrors A and B, 
but if the light is sent to SDD E, in the other cell, it must return via Mirror F s and 
then to the SLM. Similarly, if light goes to Mirror F and SDD F, it must return via 
Mirror E. In either case, the light must return to the AB White Cell. 
[0101] In the binary cell, we noted that every input beam would strike the 
same column on the MEM (or the Auxiliary Mirror or the entrance to the SDD 
which are images of the MEM) on a given bounce. Each column of the SDD could 
be associated with a different shift. In the binary cell, the shift produced by each 
column increased by a factor of two. Thus if the first column produced a shift of 1 
pixel, then the next column produced a shift of 2, the next 4, etc. 
[0102] Figure 1 3 illustrates the spot progression for three different inputs. 
As can readily be seen, a given input can yield multiple output positions 
depending upon whether or not the light beam is sent to the SDD and to which 
column of the SDD the light beam is sent. For example, the light beam that 
bounces solely between the MEM and Auxiliary Mirror outputs at output 0 having 
not been shifted. The light beam sent to the SDD for its second bounce would 
receive a shift of one row and would output to output 1 . And the light beam sent 
to the SDD for its sixth bounce receives a shift of 4 rows and outputs to output 4. 
[0103] We can construct higher-order devices as follows. We can place a 
first SDD such that light coming from Mirror E images the MEM plane onto the 
entrance of a spot displacement device (SDD E), and Mirror F images the MEM 
onto a different SDD plane (SDD F), as shown in Figure 14. We associate each 
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column of SDD E with the following shifts: 1 , 3, 9, ... 3^ /4 ' 1] . Here, however, a 
"column" is two pixels (or four spots) wide. That is, if the beam goes to E on even 
bounces, it should be shifted whether it goes there on Bounce 2 or Bounce 4. For 
SDD F, we assign each column to a shift in the series 2, 6, 18, ... 2-3 (m/4 " 1) pixels. 
[0104] The device operates as follows. If no net shift is desired, each MEM 
micro-mirror that the beam will strike is set to +10°. The beam constantly bounces 
back and forth between Mirrors A and B and the MEM. The spot pattern produced 
will result in a particular beam exiting the cell at output number 0. If output 1 is 
desired, then one must use the first column of SDD E to produce a shift of 1 pixel. 
This column can only be reached on an even-numbered bounce. Thus on the 
second bounce, the appropriate pixel on the MEM is switched to -10°. The light 
leaves the MEM at -30°. The beam is sent into the path to SDD E, column 1 , and 
is shifted by one pixel by the SDD. The beam then returns to White Cell AB, and 
the third and fourth bounces are on the MEM. For a shift of two pixels, the beam 
must be sent to the first column of SDD F, which can only be reached on odd 
bounces. Thus on the first (or third) bounce the beam is directed to SDD F. 
Suppose it is the first. The first bounce is on SDD F, the second is on the MEM, 
the third and fourth are also on the MEM. In this scheme it requires four bounces 
to choose between spot pattern shifts of 0, 1 and 2 pixels. 
[0105] On the next four bounces, one can get shifts of 3 and 6. Table 1 
shows the choices of White cell arms that need to be visited for the first few 
outputs. We assume every beam starts a pair of bounces on an upper arm (Mirror 
A or Mirror F) and finishes a pair of bounces on a lower arm (Mirror B or Mirror E). 
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[0106] With four bounces (m = 4) one can count up to 2, with m = 8 one can 
count up to 8. The general formula for the maximum number of outputs using m 
bounces is N = 3 m/4 - 1 . MR) 



[0107] We call this a ternary cell. It produces more shifts for a given 
number of bounces than a binary cell. 



Output desired 


Significance of digit 


Least 


Next 


Most 


0 


ABAB 






1 


AEAB 






2 


FBAB 






3 


ABAB 


AEAB 




4 (3+1) 


AEAB 


AEAB 




5 (3+2) 


FBAB 


AEAB 




6 


ABAB 


FBAB 




7 (6+1) 


AEAB 


FBAB 




8 (6+2) 


FBAB 


FBAB 




9 


ABAB 


ABAB 


AEAB 


10 (9+1) 


AEAB 


ABAB 


AEAB 



Table 1. Table of beam paths for the first few outputs, counting bounces in 
groups of four. The letters indicate the White cell arms visited on each bounce 
group. Each significant digit requires four bounces on the MEM. 



[0108] From the present invention, it would thus be intuitive that if in any 
group of bounces, one plans to visit either E or F (or neither) that it would require 
only two bounces (i.e., FB or AE), and that the number of possible outputs ought 
to go as 3 m/ 2 . The flaw here is that if one chooses AE on a given pair of bounces, 
one cannot visit mirror F (path FB) on the next pair, because one cannot go from 
E directly to F. An illustrative example is for a shift of 7. To attempt a shift of 
seven, we would attempt to shift by one in a first set of bounces and then shift by 
six in a second set of bounces, noting that we are not permitting extra bounces. 
The progression would have to be AEFB, which is not possible under these 
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conditions. The reason for choosing four bounces, then, was to guarantee one 
could end up at Mirror B at the end of each set of four bounces. 
[0109] There is, however, a better way to achieve this. That is to count 
bounces in groups of three rather than four. If one assumes that one ended the 
previous group of bounces at Mirror B, one can go to Mirror A or SDD F on the 
first bounce of the next group, or Mirror B or SDD E on the second bounce (going 
to E assumes not having gone to F on the previous bounce) and end up at Mirror 
A on the third bounce regardless of the previous choices. 

[01 10] The next group of three bounces then goes to the bottom arms first. 
On the first bounce, one can go to either B or E, and on the second bounce one 
can go to A or F (going to F assumes not having gone to E on the previous 
bounce), and in any case end up at B on the third bounce. 
[01 1 1] For this approach, the columns of the shift displacement device can 
be assigned as follows. We associate each column of SDD E with the following 
shifts: 1, 3, 9, ... 3 (m/ 3) pixels. For SDD F, we assign each column to a shift in the 
series: 2, 6, 18, ... 2-3 (w/3) pixels. Then the maximum number of outputs 
obtainable in m bounces off the MEM is N = 3 m/ 3 - 1 
(19) 

[01 12] Table 2 shows how to shift a given input to any of the first few 
outputs using this approach. 
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Output desired 


Significance of digit 


Least 


Next 


Most 


0 


ABA 


BAB 




1 


AEA 


BAB 




2 


FBA 


BAB 




3 


ABA 


EAB 




4 (3+1) 


AEA 


EAB 




5 (3+2) 


FBA 


EAB 




6 


ABA 


BFB 




7 (6+1) 


AEA 


BFB 




8 (6+2) 


FBA 


BFB 




9 


ABA 


BAB 


AEA 


10 


AEA 


BAB 


AEA 



Table 2. Table of beam paths for the first few outputs in the ternary cell, counting 



bounces in groups of three, using a two-state MEM. 

[01 13] We note here that if the ternary cell is implemented using a liquid 
crystal SLM, then there is no requirement that one cannot go to E or F just after a 
visit to either one of those elements. In this case one can count bounces in pairs, 
and the number of outputs obtainable is: N = 3 m/2 -1 (19) 
[01 14] Next we explore the possibilities if the SLM has more than two 
states per pixel. Consider a hypothetical MEM whose mirrors can tilt to three 
different angles, for example + a , 0 and -a. A ray incident on such a MEM 
could be reflected at any of three angles: 

6 = 2a-<f> (mirror at + a ) or 
& = (mirror at 0) or 
(20) 0 = -2a-0 (mirror at - a ) 

[0115] Table 3 shows some possible input angles and the resulting output 

angles. We pick a case in which ± a = ±10 . 
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Input angle 


Output if pixel at 
+10° 


Output if pixel at 0° 


Output if pixel at - 
10° 


CO 

%/ 


•i CO 

i O 


-5° 


-25° 


10° 


10° 


-10° 


-30° 


15° 


5° 


-15° 


-35° 


20° 


0° 


-20° 


-40° 



MEM. 



[0116] Suppose for example, we construct three arms, call them I, II and III, 
whose axes are at +20°, -20° and 0° to the normal to the MEM plane, as shown in 
Figure 15. We ask the following question: For a beam coming out of one of these 
arms, to which other arms can it be directed? Table 4 indicates the possibilities. 
[01 1 7] There are other possibilities for choices of White cell arm angles, as 
well, for example, +10°, -10° and -30°, but these are not as flexible, since one 
cannot reach as many different arms from a given arm as one can for the choices 
in Table 4. 



From 



To (pixel +10°) 



(+40°) 



To (pixel 0°) 



To (pixel - 10°) 



III 



(-40°) 



Table 4. Possible transitions in the device of Figure 15. 



[01 18] We see from the table that beams can be directed in many 
directions; we chose to only use three for the next device. We observe that light 
from Arm I can be directed into either of the other two arms on any bounce. Arm 
II can go to Arm I or Arm III but not back into Arm II. Similarly, light coming from 
Arm III can go to II or I, but not back into III. Figure 16 shows a transition diagram 
for the device of Figure 15. 

[0119] We now add four SDDs, as shown in Figure 17. We again count 

bounces in groups of four to ensure that we finish up a group of bounces at Mirror 
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B, from which we can then go to any upper path to begin the next set of bounces. 
Now the shifts produced by each SDD are, column by column, those shown in 
Table 5. 



Arm 


Shift in Column 1 


Shift in Column 2 


Shift in Column 3 


Shift in Column L 


E 


1 pixel 


5 pixels 


25 pixels 




F 


2 pixels 


1 0 pixels 


50 pixels 


(-0 


G 


3 pixels 


1 5 pixels 


75 pixels 


3x5 [a ] 


H 


4 pixels 


20 pixels 


100 pixels 


4x5 U } 



Table 5. Assignment of shifts for the indicated columns of each spot displacement 

device in Figure 1 7. 



m 

-' : r 

m 



- ^ 



[0120] We also note that beam going from one of the upper White Cell 
arms (A, F and H) can only go to a lower one (B, E and G). The reverse is also 
true. Table 6 illustrates the paths required for various outputs using the scheme 
of Figure 17. 



Output desired 


Significance of digit 


Least 


Next 


Most 


0 


ABAB 






1 


AEAB 






2 


FBAB 






3 


AGAB 






4(3+1) 


HBAB 






5 (3+2) 


ABAB 


AEAB 




6 


AEAB 


AEAB 




7(6+1) 


FBAB 


AEAB 




10 


ABAB 


FBAB 




24 (20+4) 


HBAB 


HBAB 




25 


ABAB 


ABAB 


AEAB 


124(100+20+4) 


HBAB 


HBAB 


HBAB 



Table 6. Mirror combinations to shift a given input to the indicated output, for the 

design of Figure 17. 
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[0121] The maximum number of outputs achievable with this device is, 
counting with the method of Table 6, would seem to be N apparem = 5 m/ 4 - 1 (21). 

[0122] This number would be obtained by visiting only the two paths H and 
B. One would be adding 4 + 20 + 100 +.... For twelve bounces, one could count 
up to 124, in agreement with Equation (21). In practice however, one can go 
slightly higher. One can visit Mirrors H and E in two successive bounces, since 
one is an upper and one is a lower mirror and they are not in the same White cell. 
Thus, one can obtain, in twelve bounces, 125 by using HBAB HBAB HEAB (100 + 
20 + (4+1)). One cannot count to 126 without additional bounces. Thus the 
actual maximum number of outputs is, in fact, N = 5 m/ 4 
(22). 

[0123] We notice a waste of bounces in Table 6, however. Every group of 
four bounces ends in the combination AB, which happens because one needs to 
end up at Mirror B in order to assure that one can go to any upper mirror at the 
beginning of the next group. We must end up at B, but not necessarily via A on 
the third bounce to get to B on the fourth bounce. 

[0124] If we assign Column 1 to a shift of 1 pixel in SDD E, and assign 
Column 1 to a shift of 2 pixels in SDD H (in a different arm than mirror E), then a 
single group of four bounces, we can obtain shifts of 0 (ABAB), 1 (AEAB), 2 
(HBAB), 3 (HEAB), 4 (HBHB), and 5 (HEHB), and still end up at B as required. 
One can assign Column 1 of one of the remaining SDD's (say, 6) to a shift of six, 
and the last SDD's first column to 7. Thus we assign the lengths as shown in 
Table 7. Table 8 shows how to count up to 63 outputs in 8 bounces. 
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Arm 


Least 
significant 
bounce 




More 
significant 
bounce 


General case 


A 


0 


0 


0 


0 


B 


0 


0 


0 


0 


E 


1 


8 


64 




F 


7 


56 


488 


7x 


»' 




G 


6 


48 


384 


6x 


»" 




H 


2 


16 


128 


2x 







Table 7. An alternative way of assigning the shifts produced by the SDD's in 

Figure 17. 



[0125] The maximum number of outputs obtainable in this case is 

f-l 

N = V 4) -1 (23) 
[0126] One can apply the principle of counting in groups of odd numbers of 
bounces to improve on this result. We will try counting bounces in groups of five. 
We assign the shifts in each column of the various shift displacement devices as 
shown in Table 9, and Table 10 shows how to obtain the first few outputs. 
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Desired output 


First group of four 
bounces 


Second group of 
four bounces 


Third group of four 
bounces 


0 


ABAB 






1 


AEAB 






2 


HBAB 






3 


HEAB 






4 


HBHB 






5 


HEHB 






6 


AGAB 






7 


FBAB 






8 


ABAB 


AEAB 






ntnb 


AEAB 




40 


ABAB 


HEHB 




63 (56+7) 


HEHB 


HEHB 




64 


ABAB 


ABAB 


AEAB 



Table 8. The bounce patterns to divert an input to various outputs using the shift 

assignments on Table 7. 



Arm 


Shift in Column 1 


Shift in Column 2 


Shift in Column 3 


Shift in Column L 


E 


1 


16 


256 




F 


9 


144 


2304 


{-A 


G 


11 


176 


2 


llxl6 U } 


H 


3 


48 


768 


f-0 



Table 9. Assignment of shifts for the indicated columns in each SDD for the 
system counting bounces in groups of five for the device of Figure 1 7. 
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Output desired 


First group of five bounces 


Second group of five 
bounces 


0 


ABABA 




1 


AEABA 




2 


AEAEA 




3 


HBABA 




4 


HBAEA 




5 


HEAEA 




6 


HBHBA 




7 


HEHBA 




8 


HEHEA 




9 


FBABA 




10 (9+1) 


FBAEA 




11 


AGABA 




12 


AGAEA 




13 (9+3+1) 


FBHEA 




A A (A A . OX 

14 (11+3) 


AGFBA 




15 (11+4) 


AGHEA 




16 


ABABA 


EBABA 


17 (16+1) 


AEABA 


EBABA 



Table 10. The bounce patterns to reach outputs using the assignments in Table 9. 



[0127] In this case the number of outputs obtainable in m bounces is 

Ar = i6 m/ 5 -1 (24) 
[01 28] We can compare this to the performance of the device of Table 8. 
We ask, for a given m , which is larger, the expression in Equation (23) or the 
expression in Equation (24)? We are asking the question, which is larger, 8 mM or 
16 m/5 ? Tak j ng the )og Q f botn sjdes gjves ^io g (8) less than or greater than 

^log(l6)? —(0.903) less than or greater than —(1.2)? 0.225 < 0.240 

5 4 5 

[0129] Therefore, the 5-bounce system produces more outputs. 
[0130] We can improve on this even further. We recognize that the three- 
state MEM has not only more positions, but increased connectivity over a two- 
state MEM. Figure 18 provides a comparison of the connection diagram for the 
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device of Figure 14 (two-state) and the device of Figure 18. The connection 
diagram is an open loop for the two-state case, requiring additional bounces to go 
from E to F. In the three state case, two complete loops exist. Thus, one can 
simply eliminate two of the SDD's and have the situation in Figure 19. 
[0131] Table 1 1 shows one way to assign the displacements of each 
column of the two spot displacement devices. Using this approach, the number of 
outputs that can be reached in m bounces is 

m 

JV = 4 T -1 



(25) 

[01 32] We call this the quaternary cell. 



Arm 


Shift in Column 1 


Shift in Column 2 


Shift in Column 3 


Shift in Column L 


E 


1 


4 


16 


4 (i»/ 2-1) 


H 


2 


8 


32 


2 . 4W 2 -0 



Table 11. Assignments of displacements for improved ternary cell. 



Four and higher state MEM's 
[0133] Table 12 shows the mirror progressions in this case. 
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Output desired 


First pair of bounces 


Second pair of 


Third pair of bounces 






bounces 


0 


AB 


AB 


AB 


1 


AE 


AB 


AB 


2 


HB 


AB 


AB 


3 


HE 


AB 


AB 


4 


AB 


AE 


AB 


5 (1+4) 


AE 


AE 


AB 


6 (2+4) 


HB 


AE 


AB 


7 (3+4) 


HE 


AB 


AB 


8 


AB 


HB 


AB 


9 (1+8) 


AE 


HB 


AB 


10(2+8) 


HB 


HB 


AB 


1 1 (3+8) 


HE 


HB 


AB 


12 (4+8) 


AB 


HE 


AB 


13 (1+12) 


AE 


HE 


AB 


14 (2+12) 


HB 


HE 


AB 


15(3+12) 


HE 


HE 


AB 


16 


AB 


AB 


AE 



Table 12. Bounce patterns for the quaternary cell based on a three-position DMD. 
These principles obviously can be extended to MEM's having more than three 
positions. 

CONCLUSIONS 

[0134] We have discussed several solutions for a binary and higher order 
exponential optical interconnection device. A binary interconnection device will 
allow us to have 2 m/2 outputs for a single input. Here m is the number of bounces 
that a light beam in the dual White cell, excluding any extra bounces needed for 
input and output. This is an improvement to previous designs where the number 
of outputs were of the order of m 1 , m\ etc. Let us compare the exponential cells 
to the polynomial cells. 

[0135] Using a two-state MEM in a quadratic cell, the number of outputs 



obtainable would be N = 





1-3 








UJ ■ 




UJ 



= 40 outputs (2-state MEM, quadratic cell) 
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[0136] Table 13 compares the number of outputs attainable for a given 
number of bounces for the various designs. 

[0137] We presented a general solution for a Spot Displacement Device 
(SDD) using simple paraxial ray matrices. The SDD should have certain 
characteristics that allow it to produce the required spot shifts on the SLM plane 
while maintaining the imaging conditions of the dual White Ceil. 
[0138] We found three solutions for our SDD. The first one is a prism of 
apex a that has to be displaced - 2d In from the original plane of Auxiliary mirror 
II, and has a final displacement on the original SLM spot position of 
- 2d(l/n - l)tan(«). The second solution is a parallelogram that has to be 
displaced - 2d In from the original plane of Auxiliary Mirror II, and produces a 
final displacement of - 2cjf(l/« - l)tan(a) . One condition for the parallelogram is 
that the apex a has to be close to zero. Our third solution was an SDD formed by 
the combination of a lens and a tilted spherical mirror that displaces a spot on the 
SLM by - 2d0 . 
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•hi £ 

3 



Type of 

interconnection 

cell 


Type of 
SLM 


Equation 


Number of 
outputs that 
can be 
reached in 
iweniy 
bounces 


Polynomial: 
quadratic 


Liquid 
crystal 






2 

+ m 


120 


Polynomial: 
quadratic 


Two- 
state 
MEM 


h 


:?) 






40 


Polynomial: 
quartic 


Three- 
state 
MEM 


N = 




+ 4 — 




1,294 


Exponential, 
binary 


Liquid 
crystal 


m 

N = 2 1 


1,024 


Exponential, 
binary 


Two- 
state 
MEM 


m 

N = 2* 


512 


Exponential, 
ternary 


Two- 
state 
MEM 


N = 3 m/3 -1 


729 (18 
bounces) 
2,187(21 
bounces) 


"16-ary" 


Three- 
state 
SI M 


N = \6 m ' 5 -1 


65,536 


Quartenary 


Three- 
state 
MEM 


N = 4 m/2 -1 


1 ,048,575 



disclosure and previous disclosures. 

[0139] While the invention has been described in connection with what is 
presently considered to be the most practical and preferred embodiments, it is to 
be understood that the invention is not limited to the disclosed embodiments, but 
on the contrary, is intended to cover various modifications and equivalent 
arrangements included within the spirit and scope of the appended claims, which 
are incorporated herein by reference. 
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